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Abstract: Dislocations play a crucial role in self-organization and strain relaxation mechanisms in SiGe
heterostructures. In most cases, they should be avoided, and different strategies exist to exploit their
nucleation properties in order to manipulate their position. In either case, detailed knowledge about
their exact Burgers vectors and possible dislocation reactions are necessary to optimize the fabrication
processes and the properties of SiGe materials. In this review a brief overview of the dislocation
mechanisms in the SiGe system is given. The method of choice for dislocation characterization is
transmission electron microscopy. In particular, the article provides a detailed introduction into
large-angle convergent-beam electron diffraction, and gives an overview of different application
examples of this method on SiGe structures and related systems.
Keywords: TEM; dislocations; SiGe; CBED; LACBED

1. Introduction
Silicon technology will continue to be the leading technology for micro- and nanoelectronics
in the future. A key to further develop this technology is the combination of the Si base material
with other materials to adjust or modify its properties. For instance, bonding allows the combination
of several different insulators or semiconductor materials like SiO2 , GaAs or SiC with silicon [1–3].
Epitaxial methods, like chemical vapor deposition or molecular beam epitaxy, are the methods of
choice for the fabrication of coherent heterostructures based on silicon substrates [4–6]. Important
material combinations are fabricated with lattice constant mismatch epitaxy of group IV elements,
such as SiGe or SiGeSn [7–10], which have been the focus of semiconductor research for decades.
In addition to combining different materials, nanostructuring is employed to further adapt the
electronic and optical properties. This also includes self-organization effects, such as the formation
of Stranski–Krastanov (SK) islands. Typical applications are silicon photonics [9,11,12], whereas SK
structures, randomly distributed or site controlled on patterned substrates, are promising candidates
for efficient light sources [13–15]. However, standard SK islands turned out to be disadvantageous
because of weak carrier confinement and unfavorable band alignment [16]. Nevertheless, there are
current concepts to overcome these challenges with modified Ge quantum dots containing well-defined
defects [17,18]. Typical further applications of SiGe heterostructures are Ge as stressors to adapt the
charge carrier mobility in field effect transistors [19–21] and thermo-electric applications to reduce
thermal conductivity due to increased effective phonon scattering in SiGe structures [22–24]. Crucial
for such lattice misfit structures is the control of potential dislocation structures, which requires efficient
dislocation characterization techniques.
In this review, concepts of SiGe heterostructures are presented, where handling and engineering
of dislocations are an important part of the research challenge. The characterization of these different
dislocation systems with transmission electron microscopy (TEM) is highlighted to give a brief overview
of different TEM characterization techniques. The review discusses how three-dimensional information
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about dislocations is gained in a simple way. Besides more complicated tomography methods, this
is achieved usually by using two sets of specimens: Plan-view imaging gives an overview of the
dislocation types and distribution with dark- and bright-field imaging, while cross-sectional specimens
can be used for a detailed investigation with high-resolution (HRTEM) imaging by phase contrast or
scanning methods. Depending on the accessible crystallographic orientations, HRTEM images can be
used to determine structures and Burgers vectors of dislocations directly [25–30]. The availability of
high-end, aberration-corrected microscopes has led to a deeper understanding of dislocations in the
SiGe system in recent years by direct investigations of dislocation cores [31–33].
The main drawback of employing HRTEM for dislocation analysis is that the investigations very
often require complex interpretation and simulations. Additionally, HRTEM imaging has the highest
demands regarding the quality of the thin foil specimens, which often can only be reached for very small
sample areas leading to weak statistical information. Better statistics can be gained by conventional
imaging methods and the g·b analysis that employ thicker specimens with lower quality. This technique
is performed by conventional dark- or bright-field imaging, using imaging with well-defined diffraction
vectors g to determine the Burgers vectors b of a set of dislocations. An additional, efficient method
to exploit this g·b criterion is large-angle convergent-beam electron diffraction (LACBED), which is a
defocused convergent-beam electron diffraction (CBED) technique [34]. Here, splittings of hkl Bragg
diffraction lines in the LACBED diffraction pattern occur at crossings with dislocation lines in the also
present shadow image of the sample. These splittings are then used to determine the Burgers vectors
in orientation, sign and amplitude. The aim of this article is to show the potential of LACBED for
dislocation characterization in SiGe structures and related systems.
2. Dislocations in SiGe Heterostructures
The method of choice for the fabrication of SiGe heterostructures is epitaxy, which is usually a
non-equilibrium process. Kinetics, such as diffusion, nucleation probability and adsorption mechanisms,
play an important role in structure formation. Nevertheless, self-organization in SiGe structures
is often governed by energy minimization, as described by Gibbs free energy with its parameters
like strain–stress state, chemical potential and surface, interface, as well as dislocation energies.
A well-studied self-organization effect of thin epitaxial layers are SK islands, which nucleate through
a strain relaxation mechanism after the formation of a thin wetting layer (WL) due to an interplay
between surface, interface and strain energy [35,36]. A complication is that Si and Ge are fully miscible,
and this intermixing influences the interface and surface energies and the built-in strain, which are the
key parameters to understand self-organization but also relaxation via dislocations. The strain and
composition distributions can be determined for instance with X-ray diffraction methods, leading to
average strain values over large areas. Analysis of HRTEM images, on the other hand, are used to
directly measure the strain in single structures or near dislocations [25,37,38]. Very often, a combination
of both techniques leads to complementary results, allowing for a better understanding of the alloying
properties of such systems, as for instance in the comprehensive structural investigation of the wetting
layer and the island growth of Ge on Si [36].
For thick SiGe layers, grown at high growth rates, strain relaxation with dislocations is present.
Generally, dislocations are described by the line vector l parallel to the line defect and the Burgers
vector b that describes the dislocation of the crystal lattice at the line defect position. For a perfect edge
dislocation, b equals a full lattice vector and is perpendicular to the line vector l. Such a dislocation can
be directly identified in high-resolution TEM images by the presence of an additional lattice half-plane
when looking along the line vector, which also allows the direct determination of the Burgers vector [25].
The second type of dislocations are screw dislocations, for which b and l are parallel. Very often, mixed
type dislocations are present, which contain an edge and a screw component. If the Burgers vector
does not equal an integer lattice parameter, the stacking order is not conserved and a stacking fault
(SF) is formed that accompanies these so-called partial dislocations. For the diamond lattice structure
of SiGe, perfect 60◦ mixed-type dislocations with Burgers vectors of b = 1/2h110i on {111} planes,
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Figure 1. (a) SiGe unit cell with two {111} glide planes containing two perfect 60◦ mixed dislocations
Figure 1. (a) SiGe unit cell with two {111} glide planes containing two perfect 60° mixed dislocations
with a line vector l and Burgers vectors b60 . In (b) the two cases of a dislocation glide on a {111} plane
with a line vector l and Burgers vectors b60. In (b) the two cases of a dislocation glide on a {111} plane
of a (001) grown heterostructure with compressive and tensile strain are shown.
of a (001) grown heterostructure with compressive and tensile strain are shown.

The nucleation of dislocations, in particular misfit dislocations for lattice mismatch epitaxy, strongly
The nucleation of dislocations, in particular misfit dislocations for lattice mismatch epitaxy,
depends on the resolved shear stress in the primary glide system. Generally, dislocations are only
strongly depends on the resolved shear stress in the primary glide system. Generally, dislocations
generated if the resolved sheer stress in the glide plane is high enough to reach the critical value for the
are only generated if the resolved sheer stress in the glide plane
is high enough to reach the critical
dislocation to glide. In the SiGe system, the glide of perfect 60◦ dislocations happen via the two partials
value for the dislocation to glide. In the SiGe system, the glide of perfect 60° dislocations happen via
shown in Figure 1b. What kind of partial dislocations is formed first depends strongly on the strain
the two partials shown in Figure 1b. What kind of partial dislocations is formed first depends strongly
and its orientation with respect to the primary glide system that defines the sign and the magnitude of
on the strain and its orientation with respect to the primary glide system that defines the sign and the
the resolved sheer stress [39–42]. The dislocation glide of a perfect dislocation with Burgers
h vector
i with
magnitude of the resolved sheer stress [39–42]. The dislocation glide of a perfect dislocation
b60 = 1/2[011] happens via the partial dislocation b30 = 1/6[112] and by a b90 = 1/6 121 one,
Burgers vector 𝒃𝟔𝟎 = 1/2 011 happens via the partial dislocation 𝒃𝟑𝟎 = 1/6 112 and by a 𝒃𝟗𝟎 =
sketched in Figure 1b. The crystal system of Ge on (001) Si is a compressive strained one. The force
1/6 121 one, sketched in Figure 1b. The crystal system of Ge on (001) Si is a compressive strained
acting on the partial dislocations is proportional to τ·b. Thus, for the compressive strain case, first a
one. The force acting on the partial dislocations
is proportional to τ·b. Thus, for the compressive strain
higher strain has to build up for the 30◦ partial to glide, which is immediately followed by the 90◦
case, first a higher strain has to build up for the 30° partial to glide, which is immediately followed by
partial, on which the larger force acts. In the opposite case, in a tensile strained Si layer on (001) Ge,
the 90°◦ partial, on which the larger force acts. In the opposite case, in a tensile strained Si layer
on (001)
the 90 partial nucleates first at lower shear stress compared to the nucleation of the 30◦ one of the
Ge, the 90° partial nucleates first at lower shear
stress compared to the nucleation of the 30° one of the
compressive strain case. That is why the 30◦ partial dislocation cannot follow immediately (indicated
compressive strain case. That is why the 30° partial dislocation cannot follow immediately (indicated
by the dashed vector in Figure 1b) for the tensile strain case, leading to a dissociation and the formation
by the dashed vector in Figure 1b) for the tensile strain case, leading to a dissociation and the
of an extended SF.
formation of an extended SF.
This is the reason why the presence of compressive or tensile strain strongly influences the type of
This is the reason why the presence of compressive or tensile strain strongly influences the type
generated dislocations and the main reason why the growth of tensile strained Si on (001) SiGe leads to
of generated dislocations and the main reason why the growth of tensile strained Si on (001) SiGe
defected structures with SFs [43,44]. Pachinger et al. [45,46] compared the SK dot formation of Si on
leads to defected structures with SFs [43,44]. Pachinger et al. [45,46] compared the SK dot formation of
Ge with the standard SK growth of Ge on Si, showing the importance of the sign of the built-in strain.
Si on Ge with the standard SK growth of Ge on Si, showing the importance of the sign of the built-in
Ge on Si is compressively strained; while Si on Ge is tensile strained. The systems should behave in
strain. Ge on Si is compressively strained; while Si on Ge is tensile strained. The systems should
comparable manner considering energy minimization, because the strain enters into the Gibbs free
behave in comparable manner considering energy minimization, because the strain enters into the
energy as a squared term, so that the sign plays no role. According to this argument, Si on Ge should
Gibbs free energy as a squared term, so that the sign plays no role. According to this argument, Si on
form SK dots comparable to the Ge on Si system. However, this does not take into account the sign
Ge should form SK dots comparable to the Ge on Si system. However, this does not take into account
the sign with respect to the glide plane. The comparison of Ge on Si and Si on Ge is shown in Figure 2,
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Because of the importance of the orientation of the built-in strain to the primary slip system,
the compressive or tensile strained growth of SiGe on different substrate orientations like (001), (110) or
(111), can lead to perfect dislocations or stacking faults [47,48]. This is especially true if SiGe is grown
on complex substrates containing various facets. This occurs, for instance, during the overgrowth of
large SK islands on pre-pattered substrates. Such concepts are used for example for site-controlled
SK dot growth, exploiting the island strain fields as stressors, as investigated by Hrauda et al. [49,50].
Influencing the resolved shear stress by faceting substrates is also exploited to engineer dislocation
nucleation centers in SiGe heterostructures. The goal of these works is to bring the misfit dislocations
under control and to produce areas free of threading dislocations. This concept works quite well; for
example, Gatti et al. [51] demonstrated this by employing {111} facets in the form of trenches along
the [110] directions on (001) substrates as preferential nucleation centers for dislocation loops. Similar
concepts are demonstrated by Grydlik et al. [52] or Bollani et al. [53], where {111} faceted pit structures are
employed. Here, TEM investigations prove that the compressive strained SiGe layer on the {111} facets
leads to stacking faults. These defects originate from perfect dislocations that are generated preferentially
at the facets and dissociate into partials due to the above-explained mechanism. These SiGe layers on
pre-structured substrates contain areas free of dislocation crosshatch and threading dislocations and are
nearly coherent with the substrate. The investigation of these heterostructures with TEM was done in
most cases combining conventional imaging in plan-view and HRTEM in cross-sectional geometry, giving
the necessary
insight
understand
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A novel way of growing strain-free Ge on Si is the usage of deep-patterned Si-substrates,
already reviewed by Montalenti et al. [55]. The basic idea is the use of internal surfaces, where misfit
dislocations can end. In this way, threading dislocations at the top surface can be avoided and
dislocation-free SiGe on Si can grow. This basic idea works quite well, even if due to the high
dislocation density more complicated dislocation reactions can occur, leading to vertical dislocations
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3. Large-Angle Convergent-Beam Electron Diffraction for Dislocation Analysis in SiGe
The above-mentioned examples of dislocations in SiGe heterostructures illustrate how important
it is to study dislocation systems for understanding the final structures. Transmission electron
microscopy has proven to be a suitable method for such investigations of dislocations in crystalline
materials. Several textbooks describe in detail the concept of dislocation characterization with TEM [57].
Nevertheless, here briefly the main concepts are introduced to have the basis for the LACBED method.
Even if for perfect dislocations the overall periodicity of the crystal is conserved, the crystal lattice
planes are distorted around the dislocation core along the line vector, described by a displacement
field R. Electrons diffracted at these lattice planes produce dislocation contrast in TEM micrographs.
The main advantage of TEM is the easy switching between imaging and diffraction mode, allowing
setting certain diffraction conditions in diffraction mode at dislocation lines monitored directly in
imaging mode. For a simplified interpretation of the dislocation contrast, usually the so-called
two-beam condition (TBC) is applied, where only the direct beam and one diffracted beam is present in
the diffraction pattern. In order to achieve this, the specimen is oriented such that only the diffraction
reflection g of the desired lattice plane is excited. Either the direct or the diffracted beam is selected
leading to bright- (BF) or dark-field (DF) imaging. The contrast of the dislocations in these images is
governed by the exact diffraction condition, described by the excitation error sg , which is the deviation
from the perfect excitation condition. For a perfect TBC, a strong dynamical contrast can be present in
the images, leading to difficult interpretable contrast. Well interpretable contrast in DF images can be
achieved at well-adjusted diffraction conditions with large excitation errors (sg > 0.2 nm−1 ), also called
weak-beam dark-field (WBDF) images. In WBDF conditions, well-defined narrow dislocation lines are
visible, allowing a thorough dislocation analysis [58,59]. The disadvantage of this method is that for
thin TEM foils containing dislocations, strong specimen bending can be observed, which complicates
the setting of an accurate value of sg . This leads to a dislocation contrast that varies strongly over
larger specimen areas and makes dislocation analysis challenging.
A simpler interpretation is possible if the dislocation contrast disappears completely. This is
achieved by fulfilling the invisibility criterion g·b = 0, which can be understood by a simple picture:
The displacement field of an edge dislocation does not influence the lattice planes perpendicular
to the line vector (g parallel to l). Therefore, a dark-field image formed with electrons diffracted
from these planes (diffraction vector g) does not show any contrast of the dislocation (with a Burgers
vector b), because g is perpendicular to b. The origin of the g·b term is the proportionality of the
displacement field R to b. The calculation of the intensity of the diffracted electron beams, including
R using the Howie–Whelan equations, lead to an additional term g·Rin the phase shift of the electron
waves, leading directly to the g·b= 0 condition. However, a term in the form of g·(bxl) also occurs for
edge dislocations. If this term is nonzero, a dislocation contrast can be present even if g·b= 0 is satisfied.
For screw dislocations, this cross-product term g·(bxl) is always zero, resulting in zero dislocation contrast
for all gvectors perpendicular to l, which represent diffraction from crystal planes parallel to the line
vector l. For mixed-type dislocations a combination of the above conditions applies. No contrast is visible
if g·b= 0 is satisfied and additionally g·(bxl) < 0.64 is fulfilled [57]. In general, the imaging method using
the invisibility criterion is best suited for dislocation analysis in SiGe alloys [60,61].
However, there are some difficulties for dislocation characterization with this imaging method.
First, the diffraction condition in diffraction mode has to be adjusted, which means adjusting a proper
two-beam condition for a diffraction vector g. This can be tricky, because usually a material containing
dislocations is deformed, especially thin TEM foils. The deformation of the specimen can lead to the
case that for each dislocation, which should be characterized, an adjustment has to be performed.
This leads to frequent switching between imaging and diffraction mode and makes the measurements
time consuming. Generally, three independent g·b conditions are needed to fully determine a Burgers
vector in amplitude, orientation and sign. Due to geometrical reasons this is very often not possible
applying different g·b = 0 conditions at one dislocation within one specimen. The combination of DF
imaging exploiting g·b = 0 in plan-view geometry and HRTEM imaging with cross-sectional specimens
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can help to get a general three-dimensional picture of the dislocations in a sample. However, a direct
method to get three independent conditions at exactly the same dislocation, without relying on difficult
contrast interpretation, can be achieved with LACBED.
The LACBED method is a defocused variation of the CBED technique, which has a wide range
of applications [34,62]. In classical CBED, the probe is a focused, convergent electron beam that
illuminates the sample at one spot. Instead of the typical diffraction spots from parallel illumination,
the diffraction reflections for Bragg diffraction vectors g = hkl are discs. A convergent probe containing
different angles of incidence can be understood as the realization of different diffraction conditions
in one experimental shot. The diameter of the discs is defined by the convergent angle of the probe.
A perfect Bragg condition g with excitation error zero is visible in the diffraction disc g by a hkl Bragg
diffraction line. A good example to visualize this is the well-known application of specimen thickness
determination with CBED. In CBED patterns at a TBC, the Bragg condition is perfectly fulfilled and
the hkl line is accompanied by dynamical fringes that can be analyzed for determining the specimen
thickness. Thus, the intensity variation in a diffraction disk g contains the diffraction information for
varying sg , which can be seen as a well-controlled diffraction map and can be used in more complex
experiments for detailed symmetry, structure factor or electron density determinations for crystalline
materials [63,64].
If large convergent angles are used, typically the different diffraction discs overlap and form a
so-called Kossel pattern. The LACBED method now allows selecting only one diffraction disc avoiding
this overlap and to take advantage of the large convergent angle. The method was first described by
Tanaka et al. [65,66]. The starting point is a CBED illumination of the sample. Then the sample is
displaced out of focus by the distance h above the object plane. In this way, instead of a spot, an area of
the specimen is illuminated, which superimposes the diffraction information as the so-called shadow
image. The beam remains focused in the object plane producing an under-focused CBED condition.
In this defocused setting, all diffracted beams are focused on the object plane as shown in the sketch
of the ray path in Figure 5. This allows selecting one beam with the selected area diffraction (SAD)
aperture, which is placed as a virtual aperture in the image plane of the objective lens. Selecting one
beam with the SAD aperture shades the others and avoids the overlap in the form of a Kossel pattern.
If one selects the direct beam, a bright-field (BF)-LACBED pattern of the 000 disc is formed; if one
chooses a diffracted beam, a dark-field (DF)-LACBED pattern of the respective g disc is generated.
If nothing else is stated in the following text, a BF-LACBED pattern is meant.
In a BF-LACBED diffraction pattern hkl deficiency Bragg lines are visible, which are the missing
intensities of electrons diffracted at the diffraction vectors g = hkl, indicated in the circle in Figure 5.
The electrons diffracted by g are visible as hkl excess Bragg lines in the corresponding DF-LACBED. In a
BF-LACBED pattern it is possible to monitor several different diffraction conditions at one tilt position,
because several hkl deficiency Bragg diffraction lines can be present. The LACBED method is very
sensitive to the smallest lattice changes [67]. This allows various applications, like determination of the
elastic strain in SiGe structures [68–70] or, for instance, the measurement of lattice displacements in
thin Ge layers or islands buried in silicon in plan-view geometry [71]. The high sensitivity to strain and
lattice deformation can also be a drawback, especially if applied to complex materials like multiphase
steel systems, even if it works quite well for austenitic steel grades [72]. However, exactly this high
sensitivity makes this method ideally suited for dislocation characterization.
Because in the defocused LACBED setting an area is illuminated, the diffraction information is
overlaid with the shadow image, the defocused image of the illuminated area. In case of a perfect
crystalline Si, due to the crystal symmetries, the result is comparable to a standard CBED pattern.
However, if a defect is present in the illuminated area it is visible in the shadow image. The diffraction
information of the diffraction disc can be interpreted as a diffraction map of the structure in the shadow
image, in which for each point of the shadow image a slightly different, but well-defined, diffraction
condition is fulfilled. Moving the specimen under this illumination condition allows then to easily
adjust a distinct diffraction condition for a structure in the specimen. Dislocation lines can therefore be
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be present. Potential preparation methods are conventional methods with dimple grinding or wedge
polishing and a final thinning with Argon sputtering. In addition, FIB preparation is applicable.
Important for an efficient application of the LACBED method is the knowledge of suitable hkl
lines that can be used for the analysis. As an example, a typical orientation for LACBED analyses in
SiGe is shown in Figure 6, where patterns near the [110] zone axis are displayed. The simulations of
the LACBED patterns in Figure 6a were performed with the JEMS software package using the Bloch
wave approach. Such simulated patterns contain the dynamical and kinematical information of the hkl
lines and can be used for a line selection. The main zone axis of the specimen should always be the
reference point for a LACBED dislocation experiment, due to the fact that the dislocation lines are well
visible near the zone axis in the direct and shadow images. It is advantageous to choose hkl lines near
low-index hkl lines, which show a high dynamical contrast. Close to these lines, the dislocation lines in
the shadow image will show high contrast and are best visible, simplifying to track the dislocation
line positions during the adjustment of a certain diffraction condition. Nevertheless, the low-index
hkl lines can show dynamical fringes, such as those visible for the 004 line in the simulated pattern
of Figure 6a. Dynamical fringes lead to complex splitting patterns at intersections with dislocation
lines, which are difficult to interpret. That is why low-index hkl lines are not very well suitable for the
actual analysis. Instead, hkl lines with higher indices and larger extinction distances compared to the
low-index ones should be used. These lines exhibit kinematical or at least quasi-kinematical behavior,
such as the lines 115 and 339 in Figure 6a. These lines show no dynamical fringes, leading to clear
splittings at dislocation line crossings and are best suited for the Burgers vector determination.
The experimental patterns of Figure 6b were recorded from a thin foil prepared for [110] zone
axis investigations of Ge grown on (001) Si. Such a specimen is best suited for a high-resolution
investigation with the present {111} lattice fringes, used for instance for the analyses shown in Figure 3,
and allowing dark-field imaging with g = 220, 111, 111 and 004. Additionally, this orientation is best
suited for LACBED dislocation investigations, especially if plan-view specimens are not accessible.
For the g·b = n analysis with LACBED it is important that the dislocation line vectors cross the Bragg
lines almost at 90◦ , leading to well visible splittings in the hkl lines. It is always possible to identify
suitable ZOLZ hkl lines that cross any dislocation line vector close to 90◦ . The HOLZ lines needed for
three-dimensional information are also available. HOLZ lines are ordered in a “circle” around the
zona axis pole. Thus, suitable HOLZ lines, which are parallel to the selected ZOLZ lines, can be always
found by a 90◦ turn around the zone axis. This can be accomplished experimentally by using a 90◦
rotated tilt axis of the specimen. Thus, for vertical dislocations with l = [001], the following lines are
best suited: 008, 115, 339 from the ZOLZ and 1 1 11, 2 0 10, 1 3 11, 3 1 9, 0 2 10 from the second order
Laue zone (SOLZ) system. The lines and the potential position of the dislocation lines in the shadow
image are indicated in Figure 6b. The n values of the g·b = n condition of these lines and of perfect
dislocations are displayed in Table 1. Additionally, misfit dislocations, which can originate from these
perfect ones, are also included.
If it is previously known that only limited types of Burgers vectors are present in the material to be
analyzed, very often less than three hkl line are sufficient to understand the system and the occurring
dislocation reactions. Nevertheless, for a real independent three-dimensional characterization of
the Burgers vectors, at least one of the hkl must be from a higher order Laue Zone containing the
three-dimensional information. For an analysis, including the sign, an accurate definition of the splitting
direction, sign of sg and orientation and indexing of the hkl Bragg diffraction lines is necessary. A good
overview of the necessary conventions can be found in the articles of Cherns and Mornroli et al. [77,78].
It should be noted that slightly different definitions may be used by different authors, whereby a
direct comparison of sign rules from different studies is often challenging. However, these rules are
simplified by using fixed parameters during an experiment. This is especially true for silicon with its
highly symmetric crystal system. For instance, for the analyses of the VDs from Reference [55] the
displacement h of the specimen was always set positive and the right-hand rule was used to define
the Burgers vectors with respect to the line vectors, which were always assumed to point into the
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[001] direction. To determine the sign of n first the coordinate system of sg at the hkl line has to be
defined. For a pair of symmetric hkl lines, like the ±004 band in the simulation shown in Figure 6a, the
following convention is used: sg is negative for a vector pointing in the direction of the symmetric
line and positive for a sg vector pointing away of it. To determine now the sign of n, one follows the
hkl line from the left to the right looking at the bending direction of the splittings. If the splittings bend
into the direction of sg > 0, n is also positive. If the splittings bend in the other direction, n is negative.
An example for a positive n splitting, following the line from the bottom to the top, is also sketched in
the BF-LACBED diffraction disc of Figure 5. Various splittings at the ±004 band in Figure 6 are shown,
indicating that it is also important to know the position of both symmetric lines. If one follows them from
the zone axis to the right, the first splittings have different signs, even if they bend for the 004 and 004 line,
both downwards. If in an experiment positive and negative displacements h and dislocation with various
different line vectors are present, the article of Wang [79] gives general rules to determine the sign of n.
The values of the different g·b = n conditions in Table 1 were used for the analyses of the vertical
dislocation (VDs) in the Ge on Si pillars [55]. Three dislocations, which are labeled 1–3, are shown in
Figure 7a. The splittings for the three VDs for the ZOLZ hkl lines 115, 339 and 008 are presented in
Figure 7b,c. Both images were recorded at slightly different positions. If the splittings are well visible,
the actual quality depends in this case strongly on the exact position, because the strain fields of the
dislocations are influenced by each other. The distance h of the specimen displacement was chosen
such that the splittings of the different hkl lines are as large as possible but do not overlap.
It is also visible that for all hkl lines the start of the splitting is at the same position. This is the
position where the strain field of the dislocation starts to influence the electron diffraction, leading
to the different splitting spacing for different lines. For instance, n = −5 splittings in the 115 line
for dislocation #1 are shown in Figure 7b,c, while for the 339 and the 008 lines n = −9 and n = 8
splittings appear, respectively. For dislocation #3 the same behavior is observed, but with opposite
signs. Dislocation #2 is different and produces n = 1, 0, and 3 splittings at the respective 115, 008 and
339 lines. Even if these are already three conditions, a full determination is not possible, because one of
these indices is always a linear combination of the other two. For the full characterization, a HOLZ
line index is missing, which is shown in Figure 7d. Here, for dislocation #2 n = −1, −2, and 1 splittings
can be monitored.
With this information, the Burgers vector of dislocation #2 can be determined
h
i
as b = 1/2 110 , indicating an edge dislocation. For the line defect #1 the splittings could be only
read outhvia iimage processing and fits the values in Table 1 for a dislocation with the Burgers vector
b = 1/2 001 , which is a screw dislocation. This example shows that it is possible to determine the
exact Burgers vectors of a dislocation in orientation, amplitude and sign. It can be achieved with a
typical specimen for [110] zone axis investigations and LACBED, recording splittings at ZOLZ and
HOLZ hkl lines. This is a large advantage compared to the method of combining plan-view specimens
with cross-sectional HRTEM imaging.
Morniroli et al. [78,80] also discuss in detail how small dislocation loops can be investigated with
LACBED. Analysis of dislocation loops in semiconductors larger than 100 nm can be done similar
to straight dislocations [66,81], because one has the freedom to choose the size of the shadow image
by the defocus parameter h. However, for small dislocation loops with less than 100 nm extension,
optimized conditions are needed. Two challenges are usually present: First, the size of the shadow
image of the dislocation loop is too small with respect to the diffraction pattern and the splittings are
not well visible or separated. One can use a very small displacement parameter h, leading to a large
magnification of the dislocation loops in the shadow image. However, a small displacement parameter
leads to small distances between the direct and diffracted beams in the object plane. A separation
of the direct beam from the diffracted beam to avoid the Kossel pattern is then only possible with
a very small selected-area diffraction aperture. Morniroli et al. used a 2 µm diameter SAD instead
of typical standard SAD with sizes of ~10 µm. The second challenge is generally strongly varying
contrast of dislocation lines in the shadow image. Thus, for small loops it is difficult to keep the
area of interest in the eye during tilting and adjusting to the correct diffraction condition. Morniroli
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solved this by marking the loop position on the specimen by small contamination spots induced by the
electron beam. The work describes in detail the method to analyze small loops for an Al–Cu–Mg alloy,
an austenitic steel and a boron implanted Si specimen. For the latter two materials, experimental data
along with sketches of the splittings are shown in Figure 8. Different h111i loops with b = 1/3h111i
and R = 1/3h111i are shown, whereby for some g.b conditions n is not an integer, which lead to a
more complex pattern. The shown patterns are in accordance with the LACBED splitting simulations
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Table 1. Values of g·b for perfect 60◦ dislocations and their perfect products with the hkl lines presented
in Figure 6. Adapted from [55]. The g vectors, used for DF imaging, can be found in the first three
columns labeled as DP [110], followed by the g·b products for the ZOLZ hkl-lines used in the LACBED
analysis. The further columns are valid for the SOLZ hkl lines. The indices g220 and g220 distinguish
between the mirror symmetrical lines on both sides of the ±220 band.
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signs.
Dislocation
is different
and produces partial
n = 1, 0,dislocations
and 3 splittings
at theFor
respective
115, 008
of contrast
and the #2
analysis
of the accompanying
is possible.
the measurements
lines.
Even
if
these
are
already
three
conditions,
a
full
determination
is
not
and
339
in Si of reference [77] the used hkl lines to analyze partial and stair-rod dislocation of stackingpossible,
fault on
because
one
of
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indices
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always
a
linear
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of
the
other
two.
For
the
full
{111} planes originate from diffraction at {10 2 0}, {8 4 0}, {6 6 0}, {5 5 1}, {3 3 3}, {6 4 2} planes.
characterization,
a
HOLZ
line
index
is
missing,
which
is
shown
in
Figure
7d.
Here,
for
dislocation
In addition, the potential of analyzing grain boundaries (GBs) and dissociated dislocations#2
is
n
=
−1,
−2, and
1 splittings
can be
monitored.
With
this information,
the Burgers
vector
of Cherns
dislocation
discussed.
Generally,
LACBED
is suited
for GB
analysis,
which is shown
by Morniroli
and
[82]
an edge
dislocation.
For the line shift
defect
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#2
canand
beS9
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as 𝒃 =in1/2
110
on S3
grain boundaries
Si. In
this, indicating
work, a method
to determine
the displacement
complete
splittings
could
be
only
read
out
via
image
processing
and
fits
the
values
in
Table
1
for
a
dislocation
lattice vectors with LACBED is presented. Rousseau et al. [83] also employed LACBED for analyzing
which
is a screw
dislocation.
example
that it of
is
with
the Burgers
vector
𝒃 = 1/2
001Si, films
the structure
of GBs
in ultra-thin
(001)
bonded
to silicon
that wereThis
analyzed
by ashows
combination
possible
to
determine
the
exact
Burgers
vectors
of
a
dislocation
in
orientation,
amplitude
and
sign.
It
X-ray diffraction and TEM techniques. By combining the methods, it was possible to identify two kinds
can
be achieved
with a typical
forwith
[110]
zonedislocations
axis investigations
and LACBED,
recording
of dislocation
networks.
While aspecimen
square one
screw
was accommodated
to the
twin of
splittings at ZOLZ and HOLZ hkl lines. This is a large advantage compared to the method of
combining plan-view specimens with cross-sectional HRTEM imaging.
Morniroli et al. [78,80] also discuss in detail how small dislocation loops can be investigated
with LACBED. Analysis of dislocation loops in semiconductors larger than 100 nm can be done
similar to straight dislocations [66,81], because one has the freedom to choose the size of the shadow
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the two crystals, the other linear network with dislocations of the mixed type was assigned to the tilt
term of the bonding mismatch. The precision of mismatch determination of the three methods used,
analysis of the periodicity of the dislocation network, LACBED measurements and X-ray diffraction,
were compared. The LACBED method is generally applicable for all kinds of crystal structures.
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Especially
with similar crystal symmetries, the hkl line selection can be easily transferred
from one material to another. So, a similar line selection can be used for LACBED measurements in the
For the latter two materials, experimental data along with sketches of the splittings are shown in
different semiconductor systems with a diamond or zinc blende structure. The LACBED method is
Figure 8. Different 〈111〉 loops with 𝒃 = 1/3〈111〉 and 𝑹 = 1/3〈111〉 are shown, whereby for
also best suited for other Si-based materials with different crystal symmetries. For example, detailed
some g.b conditions n is not an integer, which lead to a more complex pattern. The shown patterns
LACBED investigations of dislocation structures and reactions in the more complex hexagonal crystal
are in accordance with the LACBED splitting simulations for partial dislocations presented in the
structure of 4H-SiC can be found in literature [84–87].
book of Tanaka et. al. [66].

Figure 8. Examples of experimental and schematized splittings obtained from an irradiated steel specimen
Figure 8. Examples of experimental and schematized splittings obtained from an irradiated steel
and a boron-implanted Si specimen. They correspond to interstitial loops with the h111i loop normally
specimen and a boron-implanted Si specimen. They correspond to interstitial loops with the 〈111〉
surrounded by a Frank partial dislocation with b = 1/3h111i. Note the effect of the stacking fault with
loop normally surrounded by a Frank partial dislocation with 𝒃 = 1/3〈111〉. Note the effect of the
fault vector R = 1/3h111i for the non-integral values of n. Reprinted with permission from Reference [78].
stacking fault with fault vector 𝑹 = 1/3〈111〉 for the non-integral values of n. Reprinted with
permission
from Reference
[78].
A
similar principle
to LACBED
can be applied in direct imaging with bend contours as well.

In the bend contour method, presented by Spiecker et al. [59,88,89], also direct space, and diffraction
This also shows that LACBED can be employed to analyze the Burgers vectors of partial
information is used. However, for this method, the images are formed in the imaging mode and
dislocations. Here it is important to use reflections, for which the associated stacking fault is out of
overlaying bend contours, which are the representations of the hkl lines in the direct space, are used for
contrast. Cherns and Morniroli [77] demonstrated that it is possible to analyze Shockley and Frank
the Burgers vector determination. Usually the LACBED method is preferred, because the TEM operator
partial dislocations and stair-rod dislocations of type 𝒃 = 1/6〈110〉 at SF intersections in Si, GaAs
has more freedom over the experimental parameters like tilting, apertures, convergent angle and
and CdTe. For these experiments, it is important to fulfil an additional condition: The scalar product
specimen defocus h. The needed variation of the diffraction condition (the excitation error) in LACBED
of the R vector of the accompanying stacking fault and the chosen g should give zero or an integer,
is well determined by the convergence angle and the sample displacement h. For the bend contour
because then the SF is out of contrast and the analysis of the accompanying partial dislocations is
method, sg is determined by the bending of the thin specimen, which cannot be influenced easily, if at
possible. For the measurements in Si of reference [77] the used hkl lines to analyze partial and
all. However, Spiecker et al. showed that for plan-view samples very often a favorable bending of
stair-rod dislocation of stacking fault on {111} planes originate from diffraction at {10 2 0}, {8 4 0},
the specimen can be present, which leads to well defined bend contours. For the investigations large
{6 6 0}, {5 5 1}, {3 3 3}, {6 4 2} planes.
area thinned foils were used as specimens. To produce them, SiGe/Si heterostructures were polished
In addition, the potential of analyzing grain boundaries (GBs) and dissociated dislocations is
from the backside to about ~8 µm, glued to a Cu ring and sputtered further mainly from the backside
discussed. Generally, LACBED is suited for GB analysis, which is shown by Morniroli and Cherns
with Ar+ ions. This led to strongly bent thin foils, which can be used for the bend contour method.
[82] on S3 and S9 grain boundaries in Si. In this work, a method to determine the displacement shift
In this case the large advantage of the bend contour method is the very fast and reliable Burgers
complete lattice vectors with LACBED is presented. Rousseau et al. [83] also employed LACBED for
analyzing the structure of GBs in ultra-thin (001) Si films bonded to silicon that were analyzed by a
combination of X-ray diffraction and TEM techniques. By combining the methods, it was possible to
identify two kinds of dislocation networks. While a square one with screw dislocations was
accommodated to the twin of the two crystals, the other linear network with dislocations of the
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vector statistics, which is in most cases not possible with classical DF, WBDF, HRTEM or LACBED.
The analysis with a 440 bend contour, which is overlaid to the misfit dislocation network of a SiGe
heterostructure, is depicted in Figure 9. Several dislocations are crossing the bend contour. The Cherns
and Preston rule g·b= n is valid, leading to a similar analysis as in a LACBED pattern. The sign of n
follows the same rules as for the LACBED method, as can be seen from the sketch in Figure 9. With the
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4. Conclusions and Perspectives
A similar principle to LACBED can be applied in direct imaging with bend contours as well. In
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reactions
in SiGe
the bend
method,method
presented
Spiecker et dislocations
al. [59,88,89],and
alsodislocation
direct space,
and diffraction
heterostructures.
The
g·b
=
0
criterion,
applied
in
brightor
dark-field
imaging
at
well-adjusted
information is used. However, for this method, the images are formed in the imaging mode and
diffraction conditions,
allows
determining
the Burgers vectors
dislocation
reactions.
overlaying
bend contours,
which
are the representations
of the and
hkl lines
in the direct
space,Furthermore,
are used for
HRTEM
imaging
allows
a
direct
look
at
the
atomic
arrangement
of
the
dislocation
and
the Burgers vector determination. Usually the LACBED method is preferred, because cores
the TEM
interpretation
with
respect
to
strain
and
the
dislocation
displacement
field.
Combining
these
methods
operator has more freedom over the experimental parameters like tilting, apertures, convergent angle
on plan-view
cross-sectional
specimens
leads
picture
of the dislocations
and
specimenand
defocus
h. The needed
variation
of to
thea three-dimensional
diffraction condition
(the excitation
error) in
and
their
reactions
in
heterostructures.
On
the
other
hand,
not
for
all
structures;
for
instance,
the
LACBED is well determined by the convergence angle and the sample displacement h. For thefor
bend
presented
SiGe onsgpre-patterned
it isofpossible
adjust thewhich
suitable
diffraction
vectors
contour method,
is determinedSibysubstrates,
the bending
the thintospecimen,
cannot
be influenced

easily, if at all. However, Spiecker et al. showed that for plan-view samples very often a favorable
bending of the specimen can be present, which leads to well defined bend contours. For the
investigations large area thinned foils were used as specimens. To produce them, SiGe/Si
heterostructures were polished from the backside to about ~8 µm, glued to a Cu ring and sputtered
further mainly from the backside with Ar+ ions. This led to strongly bent thin foils, which can be used
for the bend contour method. In this case the large advantage of the bend contour method is the very
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g for a g·b analysis or to prepare a suitable crystallographic orientation for HRTEM imaging due to
geometrical reasons.
In such cases, an alternative is the employment of the LACBED method, where the g·b = n criterion
is exploited. LACBED allows the simple determination of the Burgers vectors by counting the amount
of line splittings, even if together with simulations a more detailed characterization of displacement
fields is possible. Due to the access to higher order Laue zone Bragg lines, fast three-dimensional
characterization of Burgers vectors with amplitude and sign is possible. Important is a good choice of
the used lines, of which several examples are given in this review. Alternatively, the same effect can
also be used as the bending contour method, which allows achieving a better statistic.
HRTEM and LACBED are complementary techniques. HRTEM, in particular if recorded with
modern aberration corrected instruments, allows direct imaging of the atomic arrangement and the
dislocation displacement fields, leading to new insights in recent years. However, there are several
disadvantages of HRTEM analysis. One is the difficult sample preparation, because the specimens
have to be thinner compared to LACBED specimens and the general demands on specimen quality are
higher. Thinner specimens are more sensitive to surface artefacts, like amorphization or implantation
of atoms from the thinning process and they become more sensitive to beam damage. In the case of
SiGe structures this happens above 200 keV acceleration voltage. Additionally, the specimens can
deform due to built-in strain and dislocation dissociation into partials or the formation of threading
dislocations to the nearby surface can occur, changing the original state drastically. For the LACBED
method, thicker specimens can be employed, reducing some of the mentioned difficulties. Thus, high
potential for the LACBED method is expected in the future due to the following reasons:
(1)
(2)
(3)
(4)
(5)

Method for non-expensive analytic standard TEMs.
Thicker specimens—advantages for specimen preparation.
Thicker specimens—less specimen artifacts.
Modern instruments can allow fast and automatic recording in scanning mode.
Software can allow automatic identification.

Especially the last two points will make LACBED more applicable. One disadvantage, which is
often mentioned, is the complicated pattern with the hkl lines, which has to be indexed. However, the
indexing is, with some experience, quite easy and straightforward. If one identifies the main zone
axis, further indexing can be done with automatic or semiautomatic routines. Also possible is the
operation of LACBED in scanning mode, a method that has been applied for CBED since the first
scanning instruments were available. With modern software using machine learning, it should be
possible to identify and interpret the splittings automatically.
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